Abstract Nanometric magnetite (nm-Fe 3 O 4 ) particles were prepared by the reverse coprecipitation synthesis method, obtaining particle sizes that ranged from 4 to 8.5 nm. In particles were characterized by transmission electron microscopy (TEM), Mössbauer spectroscopy (MS), magnetic and X-ray diffraction (XRD) measurements. Typical asymmetrical and/or broad lines shapes appeared in all Mössbauer spectra of the as prepared samples suggesting strong magnetic inter-particle interactions, reducing these interactions to some extent by gentle mechanical grinding. For the smallest particles, maghemite instead of magnetite was the main preparation product as low temperature Mössbauer and magnetic measurements indicated. For the intermediate and largest particles a mixture of magnetite and maghemite phases were produced as the saturation magnetization values of M S ∼ 60 emu/g indicated; these values were measured for most samples, independently of the coating surfactant concentration, and according to the ZFC-FC curves the blocking temperatures were 225K and 275K for the smallest and largest magnetite nanoparticles, respectively. The synthesis method was highly reproducible.
Introduction
The last four decades have witnessed the increasing use of nanometric materials (NMs) in different research and application arenas [1] [2] [3] [4] . Such scientific and technological impetus has been associated with the new and promising properties of these NMs. As the particle size decreases below the 100 nm range, the concomitant morphological particle property change is the increase of its surface-to-volume ratio (SVR). Because of this SVR increase, other physical and chemical properties such as magnetic, structural, catalytic, chemical, etc., change abruptly. Magnetic properties of bulk magnetic materials, with particle size >500 nm, are far significantly different to those having a particle size <100 nm. nm-Fe 3 O 4 , for instance, produces more heat than micrometric magnetite (μ-Fe 3 O 4 ) under an alternate magnetic field due to a larger magnetic susceptibility. In fact, this magnetic heating property of nm-Fe 3 O 4 is the basis of magnetic fluid hyperthermia for treating cancers [5] [6] [7] . In addition to this, the high biocompatibility of magnetite has also played a crucial role for its large use in other biomedical applications, such as in diagnostics and therapy [8] .
Nowadays, a wide variety of chemical recipes to produce nm-Fe 3 O 4 with any desirable particle size is available in the literature. For instance, a relatively simple procedure to prepare nm-Fe 3 O 4 with particle sizes between 1 to 10 nm with low particle size distribution (psd) is by γ -ray irradiation [9] ; this method, however, requires a γ -ray source installation. Chemical syntheses predominate, co-precipitation being the most widely used method to produce these iron oxides with particle sizes between 5 and 45 nm but with a relatively large psd [10, 11] . In this case the particle size can be adjusted by controlling experimental parameters such as: the initial Fe[II]/Fe[III] ratio, the nature of the base, pH, method of addition and speed of adding components [12] . More elaborate chemical procedures, such as the organic thermal combustion and micro-emulsion methods have the advantage to produce particles with very low psd having different crystal forms, ranging from 10 to 50 nm [13, 14] .
Another crucial point that has come out while preparing magnetic nanoparticles (MNPs) is the particle agglomeration due to magnetic inter-particle interactions and a concomitant oxidation process. By using specific organic and/or inorganic species as protective coatings, the agglomeration and oxidation of particles may be prevented [15] .
In this sense the present paper describes the preparation of nm-Fe 3 O 4 prepared by the reverse co-precipitation method where mean particle sizes from 4 to 8.5 nm were produced. The agglomeration and oxidation processes of nm-Fe 3 O 4 were studied by using minimal amounts of different organic coatings.
Materials and methods
FeSO 4 · 7H 2 O was purchased from Sigma-Aldrich, and Fe(NO 3 ) 3 · 9H 2 O from MERCK, both of them with 99 % purity. The coatings used were oleic acid (OA) from REASOL and hexadecyl-trimethyl-ammonium bromide (CTAB) from Sigma-Aldrich. These chemicals were used as received.
Synthesis of nm-Fe 3 O 4
The magnetite synthesis was carried out using the reverse co-precipitation method [10] , in which the iron salts, FeSO 4 · 7H 2 O and Fe(NO 3 ) 3 · 9H 2 O with an iron molar ratio of 1:2, respectively, were mixed in a beaker with 30 ml of distilled water establishing a pH of 1 at room temperature. In order to control the particle size, four different concentrations (mMol/L) of the iron salts were used, such as 1.5:3.0, 3.3:6.6, 4.4:8.8, 6.6:13.2, keeping always the 1:2 for the Fe(II)/Fe(III) ratio, respectively. Different concentrations of the surfactants, (OA and CTAB) were also used to analyze the particle agglomeration and oxidation processes. One mMol of these surfactants was added, for the irons concentration ratio of 3.3:6.6 only. For comparative purposes, and keeping the 3.3:6.6 ratio three samples were treated, with zero, one and 10 mMol of CTAB. For the remaining iron concentration ratios, 1.5:3, 4.4:8.8 and 6.6:13.26, zero mMol of surfactant was used, see Table 1 . Separately, an alkaline solution was prepared by mixing 6 ml of a 1 M NaOH solution with 54 ml of distilled water reaching a pH of 14 and heated to 85°C under Nitrogen. Reached this temperature condition and dissolved oxygen removed from this basic solution, the corresponding surfactant was added. Then, the Fe salt solution was added drop wise to the alkaline solution under mechanical steering for 1 hour. The final pH of the mother reaction solution was 11 for all preparations. At the end of the reaction, the precipitated product was separated by using an external magnet, and it was washed five times with distilled water and methanol to remove residues. Finally, the wet black solid was left to dry under atmospheric conditions for about five hrs. The method reproducibility was tested by preparing the same sample from two to six preparations as indicated in Table 1 .
MNPs characterization
Transmission Electron Microscopy (TEM) The morphology, mean particle size and particle size distribution of the as prepared nm-Fe 3 O 4 particles were analyzed by looking at TEM bright field images. For this purpose a JEOL JEM-2100 model high-resolution TEM, operating at 200 kV was used. 
Magnetic measurements
To investigate the blocking temperature of the nm-Fe 3 O 4 particles, the ZFC (0.0 Oe)-FC (100 Oe) curves were obtained with a SQUID Quantum Design magnetometer from 2 to 300 K. The data of these curves were corrected by considering both the cell and the sample diamagnetic contributions. On the other hand, the saturation magnetization (M S ) and the coercive field (H c ) were measured through the hysteresis loop by using a Quantum Design VersaLab instrument. Figure 1 shows typical XRD patterns of the as prepared samples, for the largest (Fig. 1a) and smallest ( Fig. 1.b ) magnetite particle sizes. The XRD pattern for each sample varied on the diffracted line widths only suggesting different crystal sizes. The diffraction peaks can be indexed as a cubic inverse spinel structure of Fe 3 O 4 (JCPDS no.19-0629), as Fig. 1 shows. The XRD pattern of the smallest particles, Fig. 1b , shows the additional broad peak at around 2θ = 12, not indexed; its large intensity is indicating the presence of very small crystalline and/or semicrystalline particles of magnetite/maghemite and/or oxidized particles [7] Thus, a single crystal phase may be present only matching with either magnetite or maghemite crystal structures. In this case, it is difficult to distinguish one phase from another by XRD unless a crystal structure Rietveld refinement analysis is carried out; such an ambiguity was, however, eliminated by using low temperature Mössbauer spectroscopy. The average crystal size, as obtained from the six Miller indexed lines of the XRD patterns, as shown in Fig. 1 , and using the Scherrer's equation was for D5 and L11 samples 4 nm and 8.5 nm, respectively. In order to complement these XRD crystal size determinations, we also used TEM bright field images to assess unambiguously the crystal size and crystal size dispersion of all prepared samples. As known, while XRD data gives information about crystal units, TEM images shows mostly agglomerated particles if not properly dispersed. Data in Table 1 shows the particle size results for the studied samples by TEM, which matched the XRD measurements very closely. As representative examples, Fig. 2 shows the TEM bright field images of three samples showing their mean particle sizes of 8.5 nm, 6.5 nm, 5 nm as well as their corresponding frequency histograms (FH's). As seen from the FH's, the samples show certain dispersion with respect to the mean particle size. However, this dispersion is low enough to allow the determination of changes in the magnetic properties as discussed Figure 3a shows the Mössbauer spectrum of the nm-Fe 3 O 4 particles corresponding to L11 sample, having the mean particle size of 8.5 nm according to XRD and TEM measurements, Figs. 1a and 2a, respectively. The first peculiar thing to observe about the Mössbauer spectrum is that at this low particle size of 8.5 nm one can observe a relatively well resolved but broad magnetic pattern only, suggesting a strong inter-particle interaction [16] . Any sign of superparamagnetism does not appear here. The smeared inward asymmetry of each line appearing in the Mössbauer spectrum of Fig. 3a is, on the other hand, the characteristic spectral feature for inferring magnetic inter-particle interactions [17, 18] . In the absence of such an interaction, the Mössbauer spectrum must show the typical superparamagnetic behavior for such small nanoparticles (NPs). When using a discrete Mössbauer parameter analysis for this Mössbauer spectrum, the best fit resulted in three magnetic sub-patterns. The narrower patterns could be associated with typical Fe 3+ in tetrahedral A sites and Fe 2+ and Fe 3+ in octahedral B sites of the cubic inverse spinel structure of magnetite, with isomer shifts (δ) of 0.33 mm/s and 0.42 mm/s, respectively. The isomer shift of B sites, δ = 0.42 mm/s, is the average isomer shift of the ferrous and ferric cations in B sites, as indicated in the inset data of Fig. 3a . The broader line widths of the sextet associated with the B sites is also typical for magnetite. Such a broadening has been associated with the presence of several fields at the B site rather than a relaxation process between Fe 2+ and Fe 3+ as initially thought [19] . On the other hand, the relative spectral areas ratio of these sextets deviates from the stoichiometric ratio of 1(A):2 (B) to 1(A):1.83(B). Such a deviation must come from several factors. For instance, the Mössbauer fractions for the A and B sites are probably slightly different, having lower fractions the Fe 2+ and Fe 3+ ions in the B octahedral sites. Vacancies are also typical in nanostructures and probably the B sites, more exposed to the surface particle, would have more crystal defects than the more structurally internal A sites, generating structural changes around the Fe ions in B sites [18] . Both these factors would decrease the spectral area of B sites. Finally, one may argue that these sextets arise from maghemite rather than from pure magnetite because of the close proximity of the isomer shifts of these sextets. Others may argue that the experimental Mössbauer spectrum of Fig. 3a arises from a mixture of both magnetite and maghemite. This possibility may be close to reality even though the co-precipitation reaction took place under the typical alkaline and under oxygen free conditions. Others would also say that the small δ value for B sites is due to the smallness of the crystallites. Thus, the proximity of the isomer shifts of 0.33 and 0.42 mm/s of these narrow sextets probably results from both the small particle sizes and the possible presence of maghemite. For comparative purposes, Fig. 3b shows the Mössbauer spectrum of a nm-Fe 3 O 4 with a mean particle size of 23 nm produced by thermal combustion. As seen from the inset data in Fig. 3b the relative intensities of the characteristic magnetite sextets is 1.82, being practically the same as the reported in Fig. 3a with a Fig. 3a and b , respectively. The marked difference in δ values for the B sites in these samples may suggest that the sample having the larger particle size is less maghemite contaminated than the sample having smaller particle size. It is worth noting that the line width ( = 1.04 mm) of the B sextet in Fig. 3a is larger to that of the corresponding B sextet ( = 0.45 mm/s) in Fig. 3b . Such a difference clearly suggests a particle size effect and/or a different Mössbauer fraction of maghemite. As shown in Fig. 4 , when the magnetic pattern of these magnetites collapses into a broad quadrupole doublet or a broad singlet, the existing difference between isomer shifts associated with the A and B sites vanishes, and a single isomer shift value appears being characteristic of Fe 3+ with δ ∼ 0.33 mm/s only. A partial spectral magnetic collapse into a superparamagnetic quadrupole doublet is observed in Fig. 3b , where the isomer shift of this doublet, of δ = 0.43 mm/s, is still indicative of the presence of Fe 2+ in B sites. One thus may infer from these considerations that the proximity of the isomer shifts for A and B sites appearing in Fig. 3 .a is mainly due to particle size effects rather than to maghemite contamination.
Results and discussions

XRD structural analysis
Mössbauer spectroscopy analysis
The third broad magnetic sextet appearing in Fig. 3a , on the other hand, which by the way has a δ = 0.4 mm/s also indicative of the presence of Fe 2+ , may give us a qualitative and simple measure of the agglomeration state of these nanoparticles, an aspect that for example must be minimized for biomedical applications. Assuming similar Mössbauer fractions for all iron sites in L11 sample, Fig. 3a , about 53 % of the particles should show strong magnetic inter-particle interactions. For some authors this broad magnetic sextet would represent amorphous material [20] , which does not apply here. The smeared inward asymmetry of each line appearing in the Mössbauer spectrum of Fig. 3a , as already mentioned, is the characteristic spectral feature for inferring magnetic inter-particle interactions in nanomaterials [18, 19] and this interaction could qualitatively be measured by the relative intensity of this broad sextet. M. Polikarpov et al. [21] has recently theoretically evaluated the line asymmetry of the Mössbauer lines of γ -Fe 2 O 3 making use of the multi-level relaxation model, from which the energy barrier (E b ) is calculated. The larger the E b value, the bigger is the cluster of agglomerated nanoparticles and less effective to generate heat. E b is connected with the Néel formula for relaxation of the magnetization vector of a superferromagnetic cluster and is proportional to the barrier height that the magnetization vector has to overcome in order to reverse its orientation [21] .
We can also observe such a line asymmetry for all other Mössbauer spectra of the prepared magnetite nanoparticles either with small or large particle sizes, as shown in Fig. 4 . Generally speaking and assuming a thin absorber approximation, symmetrical Lorentzian or at most Voigtian lines shapes are characteristic of nanoparticles not showing interparticle interaction, which is not the case for any Mössbauer spectrum shown in Fig. 4 , thus suggesting strong magnetic inter-particle interaction for all prepared samples.
While trying to understand the agglomeration and/or the magnetic inter-particle interaction among particles of our samples, there is no clear evidence that the iron concentration ratios used in the preparation of these NPs and/or the amount of surfactants used, defined the agglomeration of particles. For instance, the Mössbauer spectrum of D5 sample, having the smallest mean particle size, Fig. 4a , was prepared by using the Fe(II)/Fe(III)-ratio concentration of 3.3:6.6 and one mMol of oleic acid, as indicated in Table 1 . A practically similar Mössbauer spectrum (not shown) for L13 sample was obtained, which was prepared by using the Fe(II)/Fe(III)-ratio concentration of 1.5:3. By using the same discrete Mössbauer parameter analysis, broad patterns, a quadrupole doublet and a sextet were used to fit the Mössbauer spectra of samples D5 and L13. The relative intensities of the sextets were 70 % and 67 % for D5 and L13 samples, respectively. These percentages suggest about the same degree of magnetic inter-particle interaction and/or agglomeration, suggesting that under the present experimental conditions neither the irons concentration ratio nor the presence or absence of surfactant affected greatly the agglomeration and/or inter-particle interaction.
The Mössbauer spectrum shown in Fig. 4b is due to the L6CTAB sample as prepared with the Fe(II)/Fe(III)-ratio concentration of 3.3:6.6 in presence of 1 mMol of CTAB and having a mean particle size of 6 nm, as indicated in Table 1 . At first glance, one observes a Mössbauer spectrum having a line broadening larger than that of Fig. 4a . Similarly, the best fit to this spectrum were two broad patterns, a superparamagentic singlet and a magnetic sextet. Assuming the latter to be the cause of magnetic inter-particle interaction, one gets a 10 % and 90 % contributions for the former and latter patterns, respectively. There appears to be, in this case, an increase of inter-particle interaction because of the presence of the CTAB surfactant only.
Before discussing Fig. 4c , it is of particular interest to discuss the resulting Mössbauer spectrum of the L9CTAB10 or (L15-2) sample, having a mean particle size of 7 nm and prepared under the presence of 10 mMol of CTAB surfactant, see Figs. 4d and/or 5c. These spectra are the result of two different sample preparations using the same chemical conditions. The broad but relatively well resolved magnetic sextet, as compared to the previous ones of Fig. 4a , b and c, should result, at first sight, form an even more agglomerated sample. As observed from the data of Table 1 , the slight increase of the measured mean particle size from 6 to 7 nm for samples L6CTAB and L9CTAB10, respectively, was due to the different amount of surfactant only. One of the best fits to these spectra is shown in Fig. 5c , where two broad magnetic patterns were needed to fit these spectra with hyperfine magnetic fields of 19.4 T and 40.4 T and relative intensities of 55 and 45 %, respectively, as indicated in the inset data of Fig. 5c .
Two possibilities are considered to understand the origin of these magnetic patterns in L9CTAB10 sample: (1) the presence of the magnetic inter-particle interaction or (2) the presence of a bimodal particle size distribution. The L9CTAB10 sample was gently mechanically grinded using an agate mortar for one minute, see Fig. 5b . The relatively well-resolved sextet for the un-grinded sample became in a less resolved sextet for the grinded sample, being an indication that such a gentle mechanical grinding resulted in a slightly reduced magnetic inter-particle interaction and not due to a bimodal particle size distribution. The possibility of an oxidation process of magnetite because of the mechanical grinding may be discarded; at most, magnetite would transform into maghemite and the resulting Mössbauer spectrum after grinding should be practically unchanged. The transformation of magnetite to maghemite seems also unlikely because this sample was highly coated.
Contrary to this case, now let us go back and look at the Mössbauer spectrum shown in Fig. 4c , arising from L2 sample as prepared by using an Fe(II)/Fe(III)-ratio concentration of 4.4:8.8 without surfactant. Figure 2 shows the corresponding FH´s for some of the studied samples, suggesting the presence of a slightly bimodal particle size distribution. This bimodal particle-size-distribution feature was typical for practically all prepared samples. Such a feature was, however, less pronounced for the smallest particles as can be seen from Fig. 2 . The FH for L2 sample was quite similar to that shown for L3 sample as indicated in Fig. 2 . The best fit for the Mössbauer spectrum shown in Fig. 4c or Fig. 5a consisted of two magnetic patterns and a quadrupole doublet. As in Fig. 3 , the fitted magnetic patterns are characteristic of magnetite with isomer shifts of 0.34 and 0.47 mm/s for the A and B sites already identified, with hyperfine magnetic fields of 47 T and 41 T for A and B sites, respectively. The hyperfine Mössbauer parameters of the quadrupole doublet were δ = 0.33 mm/s and E/2 = 0.78 mm/s, the rest of the Mössbauer parameters are shown in Fig. 5a . Since this Mössbauer spectrum seems to present the lowest line shape asymmetry as compared to those in Fig. 4a , b and d, there exists the possibility that this spectrum may arise from a bimodal particle size, as already suggested. Another possibility is the core-shell structure with an oxidized shell. The shell would contribute with part of the quadrupole doublet. The inward asymmetrical lines of the magnetic components in Fig. 4c , suggesting magnetic inter-particle interaction and therefore particle agglomeration was not further investigated, an aspect that will be studied with more detail in the near future. Low temperature Mössbauer measurements would also assess the nature of the quadrupole doublet in Fig. 4c . At present, the origin of this doublet was associated with NPs of magnetite/maghemite only as indicated in the inset data of Fig. 5a .
Hyperfine Interact (2017) 238:43 On the other hand, in order to define the nature of the samples having the smaller particles sizes, where there is an indication of oxidation from our previous analysis, Mössbauer spectra of L13 sample were recorded at 4.5K, 100K, 200K and 300K, as shown in Fig. 6 . The Mössbauer spectrum recorded at 4.5K, Fig. 6a , consists of well resolved two sextets only, whose isomer shifts for A sites is 0.39 mm/s and for B sites 0.38 mm/s, being practically the same and therefore suggesting the presence of Fe 3+ cations in both A and B sites of the cubic spinel crystal structure. This indicates that this L13 sample consists of maghemite only. These low temperature Mössbauer measurements were recorded at least two months after the samples preparation, suggesting that a full oxidation of the samples may have taken place after this relatively short period, or that it is a feature of the reverse co-precipitation method while producing such small particles. As seen from this 4.5K Mössbauer spectrum there is no spectral signs of a core-shell structure. If oxidation occurs, the magnetite transforms to maghemite only.
The Mössbauer spectrum recorded at 100K, Fig. 6b , shows, on the other hand, a broad magnetic sextet without any signal of superparamagnetism yet. It can also be observed from the fitting analysis that three magnetic patterns were required to fit the spectrum, two of them associated with the A and B sites as already discussed and the third one, with the lower hyperfine magnetic field, can be associated with the magnetic inter-particle interaction. The Mössbauer spectrum recorded at 200K, Fig. 6c , shows, however, the signs of superparamagnetism and ferrimagnetism. The blocking temperature for this L13 sample is about 225K as seen next.
Magnetic measurements
To investigate further the nature of our magnetic samples, some magnetic hysteresis and ZFC-FC curves were recorded. Figure 7 shows the resulting curves for two selected samples only. One thing to observe is that the ZFC curve for one of the samples having the smallest particle sizes, the L13 sample, Fig. 7d , is quite different in the low temperature region from that of the sample having the largest particle size, the L11 sample, Fig. 7c . The low temperature magnetic features of the L13 sample and observed in other nanomaterials arise from spin structures freezing [22] . The most peculiar fact is that this sample has a large magnetic susceptibility (χ) at the lowest temperature which decreases as the temperature increases (the unfreezing process). A minimum forms and then χ begins to increase in the normal way as the temperature increase reaching an inflection point at 120K for the bigger particles and at 100K for smaller particles. That is, before reaching the inflection temperature values the magnetic inter-particle interactions are strong enough to align many particles or magnetic domains themselves. The typical ZFC curve showing the Verwey transition is not observed here suggesting the absence of this transition [11, 23] . After reaching the maxima, at T P the χ values begin again to decrease, where thermal effects begin to predominate over the magnetic inter-particles interactions, and both curves, the ZFC and FC, touch each other defining at this point the blocking temperature (T B ). These temperatures are 225K and 275K for L13 and L11, respectively, at which the relaxation time of the particles magnetic vector is the same as the time measurement. Below T B the particles are ferrimagnetic and above T B are superparamagnetic. One can observe from the Mössbauer spectrum recorded at 200K, Fig. 6c , a mixed pattern, a broad superparamagnetic doublet and a broad ferrimagnetic sextet, with about similar intensities. One should also notice that even though these magnetic measurements indicated us that above 225K or 275K the particles are superparamagnetic, this feature did not occur for most samples; in particular, for those having sizes >7 nm. As already discussed, which was mainly due to the strong inter-particle magnetic interactions of the agglomerated particles. On the other hand, the saturation magnetization (M S ) of these samples are below the characteristic value for pure magnetite (80 emu/g), being 60 emu/g and 57 emu/g for L11 and L13 samples, respectively, Fig. 7 , which are characteristic values for oxidized magnetite [24] . It is worth mentioning that the M S values of these and the rest of the studied samples did not varied too much from these values suggesting that the surfactants coating in some cases was very little but in other cases enough to change the crystal size. Finally, it can be observed from the inset figures of Fig. 7a and b, narrow hysteresis loops for both samples. Such a feature should not appear for these small particles.
One thus must infer that the corresponding small coercive fields (H C ), higher for the larger particles, must come form the agglomerated clusters as a whole and not form individual crystals or magnetic mono domains. The H c values may possibly give a qualitative measure of the magnetic inter-particle interaction and/or agglomeration.
Conclusions
The reverse synthetic co-precipitation chemical method, used to produce magnetite/maghemite with particle sized that ranged from 4 to 8.5 nm in a controlled manner was highly reproducible. The particle sizes as measured by both XRD and TEM bright field images were in good agreement. Under the present experimental reaction conditions, the lowest particle sizes of maghemite were produced by using the lower concentrations of the iron salts with and without any surfactant. On the other hand, the bigger particle sizes were produced by using the larger iron concentrations. In all cases and under our experimental conditions, the presence of the surfactants had the effect of reducing the particle size, the particle size distribution and the particle agglomeration. Except one sample, all other samples presented a strong inter-particle magnetic interaction as inferred from the Mössbauer spectra. This inter-particle interaction was slightly reduced by mechanically grinding. Furthermore, from low temperature Mössbauer spectra and saturation magnetization measurements it was concluded that maghemite rather than magnetite was formed while preparing the smallest particles sizes. For the intermediate and larger particles sizes a mixture of magnetite/maghemite particles were always produced as evidenced from saturation magnetic measurements. Strong magnetic inter-particle interaction occurred in most of the prepared samples and prevented the observation of superparamagnetism, particularly in sample showing particles sizes above 7 nm.
